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Abstract

~’hc concept of Variable Dynamic Testbcd  Vehicle (VDTV) has ken proposed as a tool to

evaluate collision detection/avoidance systems, to perform vehicle-related human factors.%
research, and to support other Automated Higliway Systcm programs. The goal of this

study is to analytically investigate tc) what extent a VDTV with fcmr- wheel-steering can

emulate the lateral dynamics of a broad range c~f vchiclc  models. Using the Forcl Taurus

as a baseline vehicle, our stucly indicated that a ‘1’aurus  with a closed-loop four-whccl-

stccring  control system can emulate the lateral response characteristics (including control

sensitivity, 90?10  rise time, yaw rate bandwidth, ancl others) of a range of vehicles (from

a “slnal]”  Ford l;scort  to a “full-size” Mercury Ma,rcluis)  rcasonabl  y well over a speed

range of interest. A novel steering co~itrol  configuration that has the potential to improve

further the degree that a variable clynamic vehicle can emulate the lateral characteristics

of other vehicles bass also been proposccl.

Key Worcls: Four-wheel-steering, Variable Dynamic Tcstbcd  Vchiclc.
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1. Introcluction

‘1’hc office of Crash Avoidance Research (O~AR)  unclcr  the National highway Trafhc

Safety Administration (NHTSA) has the responsibility of correlating vchiclc  character-

istics with driver commands relative to crash avoidance. Tc) this end, OCAR has at

its disposal a comprehensive set of tools ancl facilities. These include the Vehicle “1’cst

ancl ltcscarch  Gcnter, ancl the (currently being clcvclopccl)  National Aclvanccd  Driving

Simulator, To augment these tools ancl facilities, O(;AI{  has defined their COI”lCCpt  of a

Variable l)yna.nlics Tcstbccl Vehicle (VDq’V).  This vchiclc  would bc capable of cnlulatiIig

a broacl  range of automobile dynamic characteristics, ancl could be used in collision detcc-

ticm/avoida]lcc  concepts dcvclopmcnt,  in vehicle human factors research, ancl to validate

the vehicle models of driving simulators, among others.
-.

‘1’o emulate the dynamics of a broacl  range of vehicles, from small to large, the steering, sus-

pcmsion,  braking, and powertrain  subsystems of the VDTV will bc maclc  “prograrnmablc.”

This will bc achicvcd  by replacing c.omponcnts, or by changing appropriate control algo-

rithms via software. ln this stucly,  we investigate the extent the lateral dynamics of a

broacl range of vehicles can be emulated by a single “variable dynamic” vehicle. Both the
steady state and transient cly]lamics of the vehicle’s lateral-clirectional characteristics arc

tc) be variccl via the steering c)f the rear wheels of the vehicle.

2. Vehicle ]“)ynamim Mc)clel

A vehicle hanclling model that the author hacl developed, VFUIDYN, is used in this study.

In VEHDYN,  the lateral clynamics of a vchiclc  are modeled using the approach proposed

in Rcf, 1. “rhc model includes both the vehicle’s yaw ancl roll clcgrecs  of freedom, and

since the pitch dcgrcc  of freedom dots not significantly  affect handling, it was JIOt included

in this model. q’he “states” of the Inc)dcl are: yaw rate, siclc-slip angle, roll rate, and roll

angle.

For simplicity, VEH1)YN  uscs a linear tire model. Lateral forces and aligning torques

generated by the tires arc computed as functions of the tires’ slip and camber angles.

The model also includes the eflccts that the vehicle’s roll angle as WC1l m tires’ lateral

forces ancl aligning torques have on both the carnbcr a]id tire angles. Results obtained

with this model arc accurate up to approximately 0.3 g’s of lateral acceleration. ~kyond

that, models which inclucle  both the tire saturation effects and suspension nonlinearities
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should k! Usc!cl,

ln our study, VEHDYN is aup;mcnted  with the following; actuator dynamics Inocic]s:

(1)

llcre,  6j and 6r arc the front and mar tire angles } while 6jC and 6,C arc commands to

the front and rear actuators, respectively. The  front tire comma]id  6fC is related to the

stccriIig wheel angle J.sw by the steering ratio, &jC =. 6sw/Ns.  For two-wheel-steering

vchiclcs,  there is no rear tire command (i.e., Arc =.- O). For four-wheel-steering (4WS)

vchiclcs,  the rear tire command is dctermi]lecl by a four-wheel-steering control algorithm

(cf. Section 4), which is typically implcmcntcd  using zm on-board micro-processor. TGc
tirnc constants of the front and rear actuators arc ~f and ~,, respcctivc]y.  in our study,

the bandwidths c~f these actuators arc both estimated at 4 llz.

Estimatecl values of vchic]c parameters nccdccl by VEXDYN,  for four U.S. designed ancl

manufactured passenger sedans: Ford Escort, Buick Skylark, Ford Taurus, and Mercury

Marquis, are summarized in TaMc  1. ‘J’hcsc vclliclc  models span a spectrum of vehicle

sizes, from small to full-size vehicles, Estimates of vehicle parameters tabulated in Table

1 arc made based on data given in ltcfs.  2-6. ],incarizcd  tire paralnetcrs  arc estimated

fl’OIil  data found in Rcfcrcncc  7, and are sulnmarizcd  in ‘J’able 2,



Table 1 Estimated Values

. . . . . . . .
Vehicle Fcuxl
Moclcl Escort. - .

class small.—. —..
Year 1985.—

Drive FWD
Wheel base [1,] (nl~’  - 2:39

Track width (m) 1.40.
W e i g h t  [ M ]  (kg,wt.) 1 0 0 7 - -  ‘“

Weight front (%) 65.3
e.g. distance 0.83

from front axle [a] (m)_——  — . . . . . . -. .—-_. ._— ____ .._ . . . __ . .
e.g. height (m) 0.51

Roll inertia (kg-mz~ -
--- .._-. —— _____

328.
Pitc~l inerti;”(kg%;z) 1535” ““-““

Yaw inertia [Jzz] (kg-n-7)---- -–-15Ts--”””-
Front ti;i ;~;;siol;  (dcg) &32.8———.  ———.—— .- . . .. —_____ . ._

J?ront/Rear roll 684
stiffness (Nm/deg) 490

Front and Rear roll 4 2 , 7
damping (Nn~-sec/cleg)

S’tecIiig-iatG-(-) 17.0

of Vehicle Parameters

Buick
Skylark. ..- . . . . —_
compact.—.  .—.. —.. —..

1986. . ——.
Fwl)

2.62
1 .40  -

.- -.. .
1262. .—. .— .._ —_._...
64,0
0.94

+31.7
828
381

53.5

-P
““Forcl ‘“ McrcUx:Y--

Taurus Marquis
micl-size large

1988 1984.-
FWD Itwll

2.69- 2,90
1.55 1.58

1419 1750
64.6 5-7.0
0.95 1.22

~5B_.-.., . . . . . . . . . . .._

0.57.. *
573

-  “-7-------:’:
717—

2553  - 3848—.. —.—
2687 3907

$26.5 +30.0
1206 865
935 294

60.1 74,2
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Table 2 Estimated Tires C,haractcristics

. . . . . —. . . ._— —— .—. -
Front /Rear

J.,oading  (kg.wt.)..— .—. . —— --——.
P;ont/Rear  Corlierin.g  Stiffness

(N/dcg,  per wheel)
Front/Rear Aligning Torque

Stiffness (Nm/cleg,  per wheel)
Pront/Rear ~amber Stiffliess

(N/dcg,  pm wheel)—
1(’rent/’ltear Aligning Torque pcr

Grnbcr  (Nn~/dcg,  pcr wheel). . . .

F o l d  - “ “ -- 
“j)uick”’ -

Escort Skylark
small compact

–“1985 1986 “-
P185

.1ji35-.

/60R14 /751U4
658 ‘“‘“ “ ’ ‘s08 --
349 454

633.2 ‘“-”- 704:7  -

433.4 509,2
11.77 14.46
6.26 8.13

20.95 27.43
9.60 13.16
liiti”  ‘“” ‘“” -1.45
0.63 0.81

fi?or.~
l’aurus

mid-size
1988
P20$

/65R15
917
502

1051.0
794.0
16,41

8,99
54.50
41.03

1.64
0.90. .

Mercury
Marquis

large
1984

1)215
/70R15. . . .

998
752

1092.4
954.3
17.86
13.47——— —__. —..
87.98
71.69

1.79
1.35

3. Steacly-state  and Transient Characteristics of Vehicle M oclds

Using VEHDYN, and the estimated values of vehicle paralnctcrs  given in ‘1’ablcs  1 ancl

2, both the steady-state and transient characteristics of the four selected vchic]c  models

can bc computed. Results obtained are depicted in l’igurc  1,

‘.~he control sensitivity of a vehicle at a given forward speed is dcfiIicd as its steady-state

latmal  acceleration (at the vehicle’s c,g. ) pcr 100 dcg;recs  of stccrillg  wheel excursion.

It is sometimes called the vehicle’s steering sensitivity or lateral acceleration gain. As

dcpic.tcd in Fig. 1, this gain generally inc. reascs  with the vehicle’s forwarcl  spcccl.

11’ra.nsicnt  responses of the selected vehicle models are compa,rccl  in terms of the 9070 rise

times and “percent overshoots” of their acceleration responses. !I’he 9070 rise time is a

lnczwure  of the vehicle’s “speed of response” when it is subjected to a “step” front steering

wheel command. Since a true ‘fstep” is physically impossible, the steering command is

ramped to its stcacly-state  value over a time period of, for example, 0.15 seconds. The 90%

rise time is then defined as the time it takes the vehicle’s lateral a.ccclcration to reach 9070

of its steacly-state value,  mcasurecl from the time the steering command reaches 50% of its
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steady-state value. The percent overshoot is a measure c)f the alnou~lt  of ‘(clamping” in the

vchielc’s  yaw responses. It is clcfinecl as the peak acceleration response measurccl from the

steady-state acceleration lCVC1, as a percent  of that steady-state level.  As depicted in Fig,

1, the 90% rise time and percent overshoot generally decrease axld increase, rcspcctivcly,

with the vehicle’s forward speed,

The lateral dynamics of a vehicle c.all also be measured usint; frecluellcy-dol~laill  pcrfor-

]rlmlcc  metrics. The  vchiclc’s  yaw ra.tc-based ba.nclwidth  (IIW) is the frequency at which

the magnitude of the transfer function, from the stccrint; wheel to the vehicle’s yaw rate,

has dropped below 70.7V0 (-3 d])) of its steady-state value. As clepictccl  ili I’ig. 1, this

bandwidth increases monotonically with the vehicle’s forwarcl  speed.

With reference to Fig. 1, both the steacly state ancl trallsient clynamics of the sclec~e~

vchiclc  ~node]s  cliffer from one allothcr. 1+’ro]n  Fig. 1, we also note that the Taurus

model has relatively ‘tgood))  lateral pcrformancc:  low acceleration rise time ancl percent

overshoot, ancl high yaw rate-based banclwidt h. For these reasons, it is sclcctcd  a.s the
“ba,selillc”  vehicle in our study. ‘The iclca bchincls the variable clynarnic  tcstbed  vehicle

con ccpt is &en one of making ‘hnoclificati&~s”  to the baseline Taurus model so that it

can closely emulate the lateral clynamics c)f other vchiclc  models. The only mollification

collsiderccl in our study is the addition of a four-wheel-stccrillg subsystem near the rear

axle of tllc vehicle to allow the steering of the rear wheels of the vehicle. ‘The details arc

given bclc)w.

4. l’our-Wlleel-Steeri]~g Control Algorithms

l’hc lateral dynamics of a vchiclc  can be substaljtially  altcrccl  by steering its rear wheels

in col)junction  with those at the frol]t. Fc)r example, tllc colitrol  selisitivity  of a fcmr-

~vhcwl-steering vehicle at a given forward speed can be incrcasccl/decrcasccl  by steering

the rear wheels out-of-pllasc/in-phase with the front wheels. Additionally, the transient

characteristics of the vehicle can also be ‘fmanipulatccl”  via carefully designed control

algorithms. Hence, wc can usc a 4WS vehicle to convenic]ltly  emulate the directional

cl~aracteristics  of a range of vchicl~s via changes in the control algorithms.

in this study, simple 4WS control algorithms are used to change the lateral dyllanliCS  of

a Taurus to lnake  it emulates the lateral clynalliics  of a range of vehicles. lhc control
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algorithm has the following structure:

(2)

lIcre,  the speed- clcpcndcnt  feed-forward gain, ~{s (U), is approximated by the relation:

l{S (U) =- a. +- al U +- a2 U2, U being  the vchiclc  forward spcccl.  Similarly, the spccd-

dcpmlclcnt fccclback gaili X,(U), is approximated by the relation: K,(U) = b. -{ b] U +

b2 U2. l’hc varialdc  r is the filtered yaw rate of the vehicle. The parameters ~] and ~z of

the lcacl-lad compensator arc in general s~~cccl-clcpcl~clc]lt,  In our stucly,  ccmstaxlt  values

arc USCC1  for these time constants throughout tllc speed rallgc  of interest (80 to 170 kn~/h).

‘1’ypically, the quantities ai (i =- O,..., 2), are used tc) alter the steady-state condition of

the vehicle while the time constants are used to change the tra.snicnt characteristics of

the vehicle. ‘J’hc quantities bj (j == O,... ,2) will aflect both the steady-state slid transi~it

characteristics of the vehicle. Appropriately sclectecl,  these control paranmtcrs will allow

us to alter the lateral dynamics of Taurus to approximate those of Escort, Skylark, and

Marquis.

It should be noted here that more complex open-loop or closed-loop controller structures

coulcl  have becm crnployccl for our purpose. See, for example, those described in Ref. 8.

I’otcntial]y,  their uses can improve the degree to which the 4WS Taurus can emulate the

lateral dynamics of other vehicle models. I]ut tlie designs of these controllers arc outsicle

the scope of this study,

‘J’hc acldition of a steering actuator near the rear axle of a vchiclc  can increase the mass

ancl yaw moment of inertia of the vehicle’s unsprung mass, move the vehicle’s e.g., and

alter the tires’ cornering and camber stiffncsscs. These perturbations, while small, arc all

taken into account in our study,

~cmsider  the additions of a concentrated li~ass  nZR at a distance 1}1 behind the rear axle.

Here, the subscript “R” denote the rear axle of the vehicle. The  incrcascd  total mass of

the vchiclc is M+- m}t, where M is the total mass of the “nominal” vehicle (cf. Table 1).

.41s0, the nominal location of the vehicle’s e.g. is shifted rearward by A:

~ =  ‘(i-~z~~~~  )(Q ‘~~~”) ~ (3)

where the parameters L and b are dcfinecl  in ‘J’able 1. ‘J’lIc ncw vehicle’s e.g. is now

lc)catccl  at (ti, ~) where u == a -{A, ancl i =-- b - A, The increased yaw moment of inertia of
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. .

tllc sprung mass about the new vehicle’s e.g. is: IZz -I mI{(lrt -t ~)2 -{- iMA2. The altered

loadings cm the front and rear tires will change both the cornering and czunbcr stiffncsses

of the vehicle’s tires. Let li~ (kg.wt.)  clcnotcs the altered loading on either the front

c)r rear tire of the vehicle. ‘1’hc estimated corner-ing stiffness (C’~ ) and camber stifihcss

((~v) of the Taurus’s tires (P205/651t15)  with a loading c)f 1> are given by the following

approximate relations: 7

Ca = --51.97 -} 4.536}> - 0.00465F;  ,

0.2171’>- 0.000223; .
(4)

C7 z

111 our study, wc estimate the weight of a four-wheel-steering actuator to bc on the order

of 15 kg.wt. (n2}? == 15 kg.wt. ), and is located right on the rear axle (1}~ == O).

5. Simulation Jlesu]ts
. .

In our study, the Ford Taurus is sclcctccl as the baseline vehicle. Its dynamics are

tllcn altered using a 4WS systcm. control  parameters, ilicluding  aj, i =- 0,...,2, ~1, arid  72

arc then iteratively determined so that the characteristics of the ‘(modified” Taurus closely

approximate those of the F;scort,  Skylark, and Marquis, over the speccl range of interest.

Via. a tria.1-and-error process , sets of parameter values were founcl  (cf. Table 3) for the

Escort, Skylark, and Marquis moclcls.  Alternatively, the simplex methodology employed

in I{ef. 11 could be USCXI  to optimally select the valum of the “ccmtrol’)  parameters that

prociuccd  the best match bctwccn  the lateral dynamics of the modifiecl ‘1’aurus  and the

targeted sedan model. This is a topic fcm future research.

TabIc 3 Selcctccl  Values of control  Paranletcrs
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Graphical comparisons between the lateral characteristics of the Ford Escort ancl the

Variable I)ynamics  Tcstbccl  Vehicle (VDTV) arc clcpictcd  in Fig. 2. 11’hose for the Buick

Skylark and Mercury Marquis arc given in Figs. 3 through 4, respectively. Emulation

errors in the vehicle’s control sensitivity, 90~0 rise time, pcrccnt  overshoot, and yaw ratc-

basecl bandwidth, over the speed range of interest arc summarized in l’able 4.

‘J’able 4 Mean Emulation F;rrors

I ‘“”” ‘-” ““---”-~-’--~’=n
I Emulation Errors
I

I-””;...:._... ‘ . . . . . . . . . . ..-
. . .

~]ror in control sensitivity- (70)
crro;-i;-”90Vo--r~-c  t il+le ‘~~”)-

—.—.—-.———— . .. ——-. . --. —.— .—.. —.. .
error in pcrccnt  overshoot (Ye)_—

cl;x;or in yaw rat&KGZ~”-T~W-  (VO j- ““

--Ii&I\ d- ---

]Iuick M e r c u r y
Escort Skylark Marquis.——

2:9’6 ‘-  “ 10:22 “?;]3-’  “’— .
0.49

. . ..— — ..—
12.91 12,09

1.92 “’”” 1.87 2:99 .-.
i:12 “-”-””2”:32–-”  ‘“ 2.32

6. Concluding ILemarks

q’hc  concept of Variable Dynamic Tcstbcd  Vehic]c  (VDTV) has been proposcxl as a tool to

cvalu ate collision clctection/a,  voidancc  systems, t o pcrforln  vchiclc-related human factors

research, and to support other Automated Highway Systcm  programs. The goal of this

stucly is to analytically investigate to what extent a VD1l’V with four-wheel-steering can

crnulatc  the lateral dynamics of a broad range of vchiclc  moclcls.

Using the Ford Taurus as a baseline vchiclc,  our study indicated that a Taurus with a

closed-loop four- wheel- steering cent rol system can emu] ate the lat cral rcspolisc  c.harac-

tcristics  (including control sensitivity, 90% rise time, yaw rate baxldwidth, and others) of

a ‘(small)’ Ford F.scort very W C]] over a spcccl  range from 80 to 170 knl/h.  q’hc dcgrccs

to which the “compact” Ijuick Skylark ancl ‘(full-size” Mercury Grand Marquis can bc

cmulatccl  by a four-wheel-steering Taurus are poorer. The lCVCIS  of appmxililation  can

potentially bc improved with better 4WS controller designs.

With rcfercncc  to Fig, 5, a VDTV with both the four-wheel-steering and steer-by-wire

features will provide us with additional “clcgrcc-of-frccdorns” to tailor approximate the

lateral characteristics of the baseline vehicle to that of the “target” vehicle. I’hc potential

of a vchiclc with such a novel steering control configuration ill emulating the lateral
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characteristics of a broad range of vehicles is an important topic for future stucly.
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Fig. 3 Emulating the lateral characteristics of Skylark using a VDTV
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I-lg. ~ A VDTV with steer-by-wire and four-wheel-steering
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Fig. 4 Emulating the lateral characteristics of Marquis using a VDTV


